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Abstract

The complete amino acid sequence of fibrolase, a fibrinolytic enzyme from southern copperhead (Agkistrodon
contortrix contortrix) venom, has been determined. This is the first report of the sequence of a direct-acting, non-
hemorrhagic fibrinolytic enzyme found in snake venom. The majority of the sequence was established by auto-
mated Edman degradation of overlapping peptides generated by a variety of selective cleavage procedures. The
amino-terminus is blocked by a cyclized glutamine (pyroglutamic acid) residue, and the sequence of this region
of the molecule was determined by mass spectrometry. Fibrolase is composed of 203 residues in a single polypep-
tide chain with a molecular weight of 22,891, as determined by the sequence. Its sequence is homologous to the
sequence of the hemorrhagic toxin Ht-d of Crotalus atrox venom and with the sequences of two metalloprotein-
ases from Trimeresurus flavoviridis venom. Microheterogeneity in the sequence was found at both the amino-ter-
minus and at residues 189 and 192. All six cysteine residues in fibrolase are involved in disulfide bonds. A disulfide
bond between cysteine-118 and cysteine-198 has been established and bonds between cysteines-158/165 and be-
tween cysteines-160/192 are inferred from the homology to Ht-d. Secondary structure prediction reveals a very
low percentage of a-helix (4%), but much greater 3-structure (39.5%). Analysis of the sequence reveals the ab-
sence of asparagine-linked glycosylation sites defined by the consensus sequence: asparagine-X-serine/threonine.
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Fibrinolytic activity has been found in the venom of snakes
from the families Crotalidae, Viperidae, and Elapidae,
with venom from members of the Crotalidae having the
highest levels of fibrinolytic activity (for a recent review,
see Markland, 1988). Fibrolase is a direct-acting fibrino-
Iytic enzyme from southern copperhead (Agkistrodon
contortrix contortrix) venom that does not require blood-
borne cofactors for activity (Guan et al., 1991). As pre-
viously described (Markland, 1983; Markland et al., 1988;
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Abbreviations: CNBr, cyanogen bromide; TFA, trifluoroacetic acid;
HPLC, high-performance liquid chromatography; PE-fibrolase, S-3-
4-pyridylethyl-cysteine fibrolase; IBA, iodosobenzoic acid; SDS, sodium
dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; DTNB, 5,5'-
dithiobis(2-nitrobenzoic acid); Ht-d, Crotalus atrox hemorrhagic toxin
d; TPCK, N-tosyl-L-phenylalanine chloromethy! ketone; FAB, fast atom
bombardment.
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Retzios & Markland, 1988), the enzyme is a nonhemor-
rhagic, zinc metalloproteinase which cleaves primarily the
a-chain of human fibrinogen and fibrin. Specific cleav-
age sites have been determined for several venom metal-
loproteinases using natural or synthetic substrates (Tu
et al., 1981; Hagihara et al., 1985; Fox et al., 1986; Mori
et al., 1987). For the venom fibrinolytic enzymes (Retzios
& Markland, 1988; Willis & Tu, 1988), as well as the hem-
orrhagic metalloproteinases (Bjarnason & Fox, 1988-
1989), cleavage appears to occur at the amino-terminal
side of hydrophobic amino acids. In view of the clinical
potential of venom fibrinolytic enzymes as thrombolytic
agents (Markland et al., 1989; Willis et al., 1989), we un-
dertook the sequence analysis of fibrolase to aid in both
the cloning of the gene for this enzyme and the study of
its function. The present communication describes the de-
termination of the complete amino acid sequence of
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fibrolase and represents the first report to date of the se-
quence of a nonhemorrhagic, fibrinolytic snake venom
metalloproteinase.

Results

The primary structure of fibrolase was determined by Ed-
man degradation of overlapping fragments generated by
a variety of selective cleavage procedures. Figure 1 shows
the complete sequence of the 203 residues of fibrolase,
with peptides important to the determination indicated
below the sequence. The number of residues determined
from a given peptide is shown by the length of the cor-
responding line under the sequence. The amino acid com-
position calculated for the complete sequence agrees with
the composition determined by hydrolysis of the protein,
as shown in Table 1. No data were obtained from Edman
degradation of intact fibrolase, indicating that the amino-

1 10 20
<E-Q-R-F-P-Q-R-Y-V-Q-L-V-I-V-A-D-H-R-M-N-T-K-Y-N-G-
4-Tc10-p 4 Tc20 » Ten
< CB1-9

v a

30 40
D-S-D-K-I-R-Q-W-V-H-Q-I-V-N-T-I-N-E-I-Y-R-P-L-N-I-Q-
......... Te1 ’ ‘. TeP10-1 ppt_ B P Ty P YT

] Lys1 ppt.

60 70
F-T-L-V-G-L-E-I-W-$-N-Q-D-L-I-T-V-T-5-V-S-H-D-T-L-A-
Lys1 ppt.

8 90 100
S-F-G-N-W-R-E-T-D-L-L-R-R-Q-R-H-D-N-A-Q-L-L-T-A-I-D-
..... ] Tc33
==GIu30 (major)==

4 IBA 14k

10 120
F-D-G-D-T-V-G-L-A-Y-V-G-G-M-C-Q-L-K-H-S-T-G-V-I-Q-D-

N
IBA 1K= {============== Gu30 (minor) =

130 140 150
H-S-A-I-N-L-L-V-A-L-T-M-A-H-E-L-G-H-N-L-G-M-N-H-D-G-

Te3t
cer-14 | c82-5 b ¢--CBI-2 ===
=rmee= ASPI4-GlU2 +=eemee -

160 170 180
N-Q-C-H-C-G-A-N-S-C-V-M-A-A-M-L-S-D-Q-P-S-K-L-F-S-D-
4 Tc27
CB1-2 » ¢ CB1-8

190 200 203
C-S-K-K-D-Y-Q-T-F-L-T-V-N-N-P-Q-C-I-L-N-K-P
........... TCT resnerusrose (E) wronssees (L) sorsssrsssmmrsersenrsssmssnsannanes

CB1-8
4 CB1-8-T4 »

Fig. 1. The complete amino acid sequence of fibrolase. Peptides impor-
tant in the sequence determination are indicated; the number of residues
determined from a given peptide is shown by the length of the corre-
sponding line under the sequence. There is heterogeneity in the sequence
at positions 189 and 192; the residues found in CB1-8 are shown in the
main sequence, with the residues found in Tc27 in parentheses below.
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Table 1. Amino acid composition of fibrolase®

Amino acid Experimental value Theoretical value
Asp + Asn 28-31 31
Glu + GIn 19-20 20
Ser 11-12 12
Gly 12 12
His 8-9 10
Arg 9 9
Thr 12-13 13
Ala 11 11
Pro 6-7 5
Tyr 5-6 5
Val 12 14
Met 5 6
Cys® 7 6
Ile 9-10 12
Leu 20-21 21
Phe 6-7 6
Lys 7-8 7
Trp¢ ND 3
Total 203

2 Results are expressed as residues per mole using the standard three
letter code for the amino acids.

b Cysteine was determined as the S-8-4-pyridylethyl derivative.

¢ Tryptophan was not determined (ND) in the analysis.

terminus is blocked either by a physiological mechanism
or as an artifact of purification. Therefore, mass spec-
trometry of the amino-terminal CNBr fragment was em-
ployed to establish the structure of this region of the
molecule.

CNBr peptides

The peptides derived from CNBr cleavage of PE-fibrolase
were fractionated by size on a Bio-Gel P-10 column in
50% acetic acid. The four pools obtained (data not shown)
were dried in a Speed Vac and stored at —20 °C until use.

The first P-10 pool (CB1) was rechromatographed by
reverse-phase HPLC using a C4 column; the chromato-
gram is shown in Figure 2. Automated Edman degrada-
tion of the pools yielded the complete sequence of CB1-2
and most of the sequence of CB1-8 and CB1-14. CB1-8
was subdigested with trypsin, and the peptides were sep-
arated by HPLC using a C18 column (data not shown).
Sequence analysis of one of the resulting peaks (CB1-
8-T4) resulted in the determination of the complete se-
quence of CBI1-8.

CBI1-9, which contains the blocked amino-terminal CB
peptide, was sequenced by mass spectrometry, using FAB
techniques. Figure 3 depicts the fragmentation pattern for
CBI1-9. These data indicate that the amino-terminus is
blocked by a pyroglutamic acid residue (<Glu) and place
the first 19 residues in the sequence. CB1-10, the HPLC
peak immediately following CB1-9, contains the amino-



592

10 T T T T 100

08| - 80
E
c
3 B
N 06 CB1-2 CB1-8 60
T o
@ m
Q -
c c
5 8
§ 04 - E
Fel -
<

02}

0
0

Minutes

Fig. 2. HPLC separation of CBI1. The sample (pool 1 from P-10 col-
umn of the CNBr fragments of PE-fibrolase) was loaded in 50% (v/v)
acetic acid onto a C4 column (0.46 X 25 cm) equilibrated in 0.1% TFA.
Peptides were eluted with an increasing gradient of 0.1% TFA in 60%
n-propanol at a flow rate of 0.4 mL/min. The effluent was continuously
monitored at 230 nm, and peaks were collected manually for compo-
sition and sequence analysis. The peptides present in peaks that yielded
sequence information are indicated in the figure.

terminus as determined by amino acid analysis. Although
this fraction was not subjected to mass spectrometry, pre-
sumably it contains the amino-terminal CNBr peptide
beginning at residue 2 (see Lys-C peptides below). Re-
chromatography of the second P-10 pool (CB2) using a
C4 reverse-phase column resulted in one major and one
minor peak (data not shown). The complete sequence of
the major peak (CB2-5) was determined by Edman deg-
radation.

Tryptic peptides

Peptides resulting from the trypsin digestion of citracon-
ylated PE-fibrolase were separated both by reverse-phase
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Fig. 3. Mass fragmentation pattern for peptide CB1-9. The amino- and

carboxyl-terminal sequence ions observed in the spectrum are indicated
above and below the sequence, respectively.
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Fig. 4. HPLC separation of the tryptic digest of citraconylated PE-
fibrolase. The digest was loaded onto a C18 column in 5 M urea. Pep-
tides were eluted with an increasing gradient of 0.1% TFA in 80%
acetonitrile. The flow rate was 0.8 mL/min. The effluent was contin-
uously monitored at 230 nm, and peaks were collected manually for
composition and sequence analysis. The peptides present in peaks that
yielded sequence information are indicated in the figure.

HPLC and gel filtration chromatography. The HPLC
profile is shown in Figure 4, and several fractions were
subjected to Edman degradation. Complete sequences
were obtained for Tc10, Tcll1, and Tc20; the larger pep-
tides (Tc27, Tc31, and Tc33) were partially sequenced.
Gel filtration of the digest resulted in four pools (data
not shown). When the first peak (TcP10-1) was dissolved
in 0.1% TFA, a pellet was obtained (TcP10-1 precipitate
{ppt.]), which was partially sequenced by Edman degra-
dation. We were able to obtain sequence information for
TcP10-1 ppt., which begins with a glutamine residue, as
a small fraction of the molecules were not blocked at the
N-terminus. All but the first three residues of the amino-
terminal region were confirmed by the sequence of the
tryptic peptides Tc10, Tcll, and Tc20. The overlap for
these peptides is provided by the mass spectrometry data.

Lys-C peptides

Gel filtration of the lys-C digest resulted in five pools (data
not shown). The pellet obtained when the first pool was
dissolved in 0.1% TFA (Lys1 ppt.) was not sequenced to
its C-terminus. The second pool (Lys2) was rechromato-
graphed on a C18 reverse-phase HPLC column (data not
shown). The major peak (a doublet, Lys2-15) was ana-
lyzed by mass spectrometry and found to contain a mix-
ture of two amino-terminal peptides differing in mass by
one residue. The peak was asymmetric, and mass analysis
showed two molecular ions: a strong signal at mass 2,580
and a weaker signal at mass 2,708. The molecular ion
masses predict structures corresponding to the peptides
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derived from (1) residues <Glu-2 through Lys-22 and (2)
residues <Glu-1-GIn-2 through Lys-22, respectively (see
Fig. 1).

Glu-C peptides

Peptides resulting from cleavage of the citraconylated
PE-fibrolase with endoproteinase glu-C were purified on
a C18 reverse-phase HPLC column (Fig. 5). Only one of
the many peaks was subjected to sequence analysis. Frac-
tion Glu30 was found to contain two peptides by virtue
of the presence of two residues at each of the first 10 cy-
cles of degradation. The two sequences (labeled major and
minor in Fig. 1) were easily distinguished, as they were
present in very different molar amounts in the mixture.

Asp peptides

The peptides of PE-fibrolase generated by acid cleavage
were fractionated on a C18 HPLC column. Many peaks
were obtained (data not shown), but only information de-
rived from Asp34 was useful in the determination of the
complete sequence of fibrolase. The amino acid compo-
sition of fraction Asp34 (5 Asp, 3 Glu, 3 Ser, 6 Gly, 4
His, 1 Arg, 2 Thr, 5 Ala, 1 Tyr, 3 Val, 1 Met, 1 Ile, 6 Leu,
and 1 Lys) suggested that it contained a peptide spanning
the region across the junction between CB2-5 and CB1-
2. Although clearly not pure, this fraction was succinyl-
ated to block peptide amino-termini and digested with
endoproteinase glu-C. The subdigest was sequenced di-
rectly to provide an important overlap between CB2-5
and CBI-2 (Fig. 1).
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Fig. 5. HPLC separation of the endoproteinase glu-C digest of PE-
fibrolase. The digest, after decitraconylation at pH 2, was loaded di-
rectly onto a C18 column equilibrated in 0.1% TFA. All conditions were
as described in the legend to Figure 4. The peptide present in the peak
that yielded sequence information is indicated in the figure.
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IBA peptides

Cleavage after tryptophan residues in fibrolase is pre-
dicted to yield four peptides with molecular weights of
4,093, 3,224, 2,394, and 13,263 Da (Fig. 1). The frag-
ments produced by reaction of PE-fibrolase with IBA
were separated by SDS-PAGE; digestion was incomplete,
and three bands at molecular weights of 23,000, 17,000,
and 14,000 were clearly discernible after visualization
with Coomassie blue. The large bands represent intact
fibrolase and the carboxyl-terminal portion of the mol-
ecule, derived from incomplete cleavages after the second
and third tryptophan residues, respectively. The 14,000-
Da product was excised from a preparative gel, electro-
eluted, and purified by acetone precipitation. Sequence
analysis provided the final overlap for the region of the
molecule following Trp-82 (Fig. 1).

Th peptides

In an attempt to locate the positions of the three disul-
fide bonds of fibrolase, the native molecule was cleaved
with thermolysin. Fibrolase with intact disulfide bonds
was very resistant to cleavage, and prolonged digestion in
8 M urea at elevated temperatures (60 °C) was necessary
to cleave the protein. Peptides greater than seven resi-
dues (after dialysis) were separated on a reverse-phase
C18 column. Peaks were collected (Fig. 6) and subjected
to amino acid analysis. Fraction Th26 contained 2 Gly,
1 Met, 1 Cys, 2 Glu, 1 Val, 2 Asp, and 1 Pro (Cys was
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Fig. 6. HPLC separation of the thermolysin digest of native fibrolase.
The digest was dialyzed to remove small peptides (<7 residues) and
loaded onto a C18 column equilibrated in 0.1% TFA. All conditions
were as described in the legend to Figure 4. Fraction Th26 was found
to contain peptides involving one of the three disulfide bonds
in the molecule.
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neither derivatized nor oxidized, and recovery was not
quantitative), corresponding to a mixture of two pep-
tides: Gly-115-Gly-Met-Cys-GIn-119 and Val-193-Asn-
Asn-Pro-Gln-Cys-198. The results indicate that cysteine
residue 118 is connected to cysteine residue 198 by a di-
sulfide bond in native fibrolase (Fig. 1).

Heterogeneity of sequence

One tryptic peptide (Tc27) was the result of an unex-
pected cleavage between Asn-163 and Ser-164. Sequence
analysis of this peptide clearly revealed a glutamic acid
residue at position 26 and a leucine residue at position 29
(shown in parentheses under the sequence in Fig. 1 at
positions 189 and 192, respectively). Sequencing of the
corresponding CNBr peptide (CB1-8), however, clearly
revealed threonine residues at both of these positions,
with no glutamic acid or leucine at the appropriate cycle.
Also, no indication of threonine residues at these posi-
tions was found upon careful analysis of the data for
Tc27. Therefore, it appears that there is microheteroge-
neity at these positions in the fibrolase preparation.

Discussion

General features of the sequence

The complete primary structure of fibrolase comprises
203 amino acids, with microheterogeneity at the N-termi-
nus and at two internal sites. The amino acid composi-
tion calculated for the complete sequence agrees with the
composition determined by hydrolysis of the protein; the
molecular weight derived from the sequence is 22,891 (av-
erage mass calculation), with a theoretical pI of 6.5. In-
spection of the sequence reveals the absence of consensus
sites for N-linked glycosylation (Asn-X-Ser/Thr). Sepa-
rate studies have revealed that the pure protein, when an-
alyzed using sensitive carbohydrate stains (Dubray &
Bezard, 1982) after native PAGE, contains no glycosyl-
ation of any type.

The results from direct Edman degradation of fibrolase
and CNBr, trypsin, and lys-C cleavages indicate the
amino-terminus of the enzyme is blocked by cyclization
of a glutamine residue. In addition, there is heterogene-
ity at the amino-terminus, with some molecules beginning
with <Glu-Gln-Arg-Phe... and some beginning with
<Glu-Arg-Phe. . .. The use of mass spectrometry made
the evaluation of the blockage simple and direct, without
the need to subject the protein or peptides to enzymatic
hydrolysis with pyroglutamylaminopeptidase.

Sequence analysis has revealed the presence of micro-
heterogeneity in the fibrolase preparation at internal sites
as well. This heterogeneity is probably responsible for the
appearance of the two bands observed with immobilized
pH gradient isoelectric focusing (Guan & Markland,
1988). Because the difference involves the substitution of
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threonine for glutamic acid at position 189, it should ex-
plain the isoelectric point heterogeneity, as there is an ab-
sence of glycosylation. The other substitution, threonine
for leucine at position 192, would produce no change in
the isoelectric point of the protein. Because the protein
was purified from a venom pool of several individual
snakes, the heterogeneity may be due to differences in
fibrolase among individual snakes. Alternatively, there
could be more than one fibrolase isozyme present in a
given snake. To address this issue, a study involving the
characterization of the protein from the venom of indi-
vidual snakes is in progress (F.S. Markland & N. Egen,
unpubl.).

Titration of free thiol groups in native fibrolase with
DTNB revealed the absence of free sulfhydryl groups in
the molecule, indicating that the six cysteine residues are
involved in three disulfide bonds. Thermolysin digestion
of intact fibrolase yielded only one product that could be
ascribed to a cystine peptide, resulting from a disulfide
bond between Cys-118 and Cys-198. We were unable to
locate fragments that would provide information to de-
scribe the positions of the two other disulfide bonds in the
molecule. It is possible that those regions are resistant to
proteolysis even under the stringent conditions used in
this study.

Secondary structure prediction

The method of Chou and Fasman (1978) was used for
the prediction of the secondary structure of fibrolase.
The predicted structure is shown in Figure 7, and its ex-
amination reveals a very low percentage of alpha-helical
regions (only 4% of the sequence). However, there is a
strikingly higher amount of beta-structure in the enzyme
(39.5% of the sequence). The same low percentage of al-

-

Fig. 7. Prediction of secondary structure of fibrolase using the method
of Chou and Fasman (1978). As shown in the figure, the amino-termi-
nus of the polypeptide is at the upper left and extends down to the car-
boxyl-terminus at the lower right. This method predicts only 4% «-helix
and 39.5% g-structure for fibrolase.
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pha-helical structure is also predicted from the sequences
of HR2a and H,-proteinase. The hydrophobicity plot
derived from the scale of Hopp and Woods (1981) is de-
picted in Figure 8; the structure is characterized by a
striking preponderance of hydrophobic regions, sepa-
rated into three distinct areas by hydrophilic stretches at
the N-terminus, middle, and C-terminus. X-ray structure
determination will not only serve to clarify the interest-
ing arrangement of these regions, which has not been pre-
viously reported, but also to define the zinc-binding site
with its coordination residues.

Homology considerations

Unexpectedly, the amino acid sequence of fibrolase is ho-
mologous to the hemorrhagic metalloproteinase Ht-d
from Crotalus atrox (Shannon et al., 1989). Both mole-
cules have 203 residues, and the alignment of the two se-
quences is shown in Figure 9. Comparison of the
sequences reveals 120 identical residues out of 203 (59%
identity). Notably, Ht-d, like fibrolase, was found to be
heterogeneous at the amino-terminus with some of the
molecules beginning at residue 1 and some at residue 2
(Shannon et al., 1989). It is interesting to note that, de-
spite the significant structural homology between fibro-
lase and the hemorrhagic metalloproteinase Ht-d, the
fibrinolytic enzyme almost completely lacks hemorrhagic
activity (A.L. Guan, A.D. Retzios, & F.S. Markland, un-
publ.). This observation raises an interesting question
concerning the structural parameters that determine the
divergent biological activities of the two proteins. Reso-
Iution of the question concerning structural features that
distinguish the fibrinolytic enzymes from hemorrhagic
metalloproteinases is not readily apparent from a consid-
eration of their primary structures, however, and must
await X-ray structure determinations.

The four cysteine residues in Ht-d are conserved in

140

T Ty T Ty T T T Y [ v rr [ r Y[ T [ T [ P T Ty

160 180 200

fibrolase; fibrolase has two additional Cys residues that
are not present in Ht-d (Fig. 9). Ht-d contains two disul-
fide bonds, one between Cys-118 and Cys-198 (the two
residues found to be linked in fibrolase) and one between
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Fig. 9. Comparison of the amino acid sequences of fibrolase and the
hemorrhagic toxin Ht-d from Crotalus atrox. The complete sequence
of fibrolase (labeled F) is shown with the sequence of Ht-d (labeled H)
given below only at positions where the two sequences differ. The six
cysteine residues in fibrolase are highlighted, and the putative zinc-bind-
ing ligands are indicated by asterisks (*).
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Cys-158 and Cys-165. Presumably, in fibrolase, Cys-158
is linked to Cys-165 and the remaining two Cys residues,
Cys-160 and Cys-192, are linked together.

It is of interest to note that fibrolase is also homolo-
gous to two recently sequenced metalloproteinases from
Trimeresurus flavoviridis venom, HR2a (Miyata et al.,
1989) and H,-proteinase (Takeya et al., 1989), of 202
and 201 residues, respectively. Fibrolase displays 59-61%
sequence homology with the two proteins; the Pearson
and Lipman (1988) algorithm for homology assessment
awarded scores of 670-683 out of a maximum of 1,200
for complete identity. The positions of the disulfide bonds
in these two T. flavoviridis metalloproteinases support the
observation of the disulfide bond between Cys-118 and
Cys-198 in fibrolase, but the other two disulfide bonds in
HR2a are located between Cys-161/Cys-164 and Cys-
159/Cys-181 (the number system is slightly different due
to the shorter length of HR2a). Thus, there appears to be
a difference in the definition of the structures determined
in the two different laboratories.

Fibrolase (Markland et al., 1988; Retzios & Markland,
1988), Ht-d (Shannon et al., 1989), and the two enzymes
from T. flavoviridis venom (Miyata et al., 1989; Takeya
et al., 1989) are zinc metalloproteinases that show com-
plete identity in the region surrounding the putative zinc-
binding site, which is inferred by homology to thermolysin
(Matthews et al., 1972). Figure 10 presents a comparison
of the zinc-binding region in fibrolase, Ht-d, HR2a, H,-
proteinase, thermolysin, human fibroblast collagenase
(Goldberg et al., 1986), Serratia protease (Nakahama
et al., 1986), and Bacillus subtilis neutral protease (Vasan-
tha et al., 1984). There is a high degree of homology at
this site among all of the metalloproteinases in this exam-
ple. The two putative zinc ligands (His-143 and His-147
in fibrolase) are completely conserved as well as a Glu
residue following the first His and a hydrophobic residue
(Leu or Val) two residues after the second His. In addi-
tion, there is homology among the majority of the eight
proteins at five other positions in this region. Regions of
this type have been proposed as a consensus region for
recognizing members of the metalloproteinase family
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(McKerrow, 1987; Jongeneel et al., 1989). However, fi-
brolase and other venom-derived metalloproteinases do
not appear to share significant additional sequence ho-
mology with other, well-characterized neutral metallo-
endopeptidases.

A search for homologous proteins in the NBRF protein
database using the Pearson and Lipman (1988) algorithm
(FASTA) revealed that the highest alignment score (96
out of a possible 1,200) was obtained with the hypothet-
ical BRRF1 protein from the Epstein-Barr virus, or with
a portion of the env protein of the human immunodefi-
ciency virus (score = 75). Homology scores with human
collagenase (54) and with the metalloproteinase of Serra-
tia (60) were considerably lower. Interestingly, optimized
alignment of fibrolase and BRRF1 protein (Baer et al.,
1984) shows that the viral protein retains the essential
components of the zinc-binding site, including the con-
sensus signature. The significance, if any, of this identity
remains to be established, although it raises some intrigu-
ing questions concerning symbiotic relationships between
viruses and snakes.

Materials and methods

Materials

Fibrolase was purified from southern copperhead (A. c.
contortrix) venom {Biotoxins, Inc., St. Cloud, Florida)
using the four-step procedure described previously (Mark-
land et al., 1988). Other enzymes and chemicals used in
this work were obtained as follows: CNBr, constant boil-
ing HCI, ninhydrin, and IBA were products of Pierce
Chemical Co., Rockford, [llinois; all sequencer reagents
were obtained from Applied Biosystems, Foster City,
California; 4-vinyl pyridine, N-ethyl morpholine, citra-
conic anhydride, pyridine, and p-cresol were produced by
Aldrich Chemical Co., Milwaukee, Wisconsin; trypsin-
TPCK was purchased from Sigma Chemical Co., St.
Louis, Missouri; formic acid (95-97%) was purchased
from Kodak Chemical Co., Rochester, New York; endo-
proteinase lys-C, endoproteinase glu-C, and thermolysin

Fig. 10. Comparison of zinc-binding re-
gions. The zinc-binding regions of fibro-
lase, C. atrox Ht-d, two T. flavoviridis
metalloproteinases, thermolysin, human fi-
broblast collagenase, Serratia protease, and
B. subtilis neutral protease are shown. The
zinc-binding ligands are indicated by aster-
isks (*). Residues are boxed where homol-
ogy is seen among more than two of the
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were obtained from Boehringer Mannheim Biochemicals,
Indianapolis, Indiana. Bio-Gel media were obtained from
Bio-Rad Laboratories, Hercules, California; fluoresca-
mine was a product of Roche, Nutley, New Jersey. Elec-
trophoresis purity reagent SDS purchased from Bio-Rad
was recrystallized from ethanol-water as described by
Hunkapiller et al. (1983). N-ethylmorpholine and pyri-
dine were distilled over ninhydrin (1 g/L). All other re-
agents were of the highest purity commercially available.
Reverse-phase HPLC columns (C4 and C18) were pur-
chased from Vydac, Hesperia, California.

TFA solutions were prepared on a w/v basis, and all
acetic acid solutions were prepared on a v/v basis.

Amino acid analysis

Amino acid compositions were obtained as described by
Bidlingmeyer et al. (1984) with methanol substituted for
ethanol in the derivatization mixture (Cohen et al., 1986).
Analyses were performed on protein samples hydrolyzed
in the vapors of constant-boiling HCI containing 1% (v/v)
phenol for 22-24 h, in vacuo, at 110 °C. Phenylthiocar-
bamyl-amino acids were separated by reverse-phase HPLC
using a Waters 840 chromatography system (Pico-Tag
method; Waters Associates, Milford, Massachusetts).

Sequence analysis

Automated Edman degradation was performed on an
Applied Biosystems Model 470A gas-phase protein se-
quencer equipped with a 120A on-line phenylthiohydan-
toin-amino acid analyzer (Applied Biosystems, Foster
City, California). All sequencer runs were made using
03RPTH cycles, supplied by the manufacturer.

Mass spectrometry

Peptide samples were sent to M-Scan Ltd. (Berkshire,
England) for analysis by mass spectrometry. The samples
were dissolved in 5 uL of 5% aqueous acetic acid and
2-uL aliquots were loaded onto a target previously
smeared with 2-4 uL of glycerol. FAB analysis was car-
ried out on a VG Analytical ZAB high field mass spec-
trometer operating at an accelerating voltage of 8 kV for
a 300 mass range at full sensitivity. A Csl calibration
spectrum was run as well. An M-Scan FAB gun was used
to generate spectra, using xenon gas, operating at 10 kV
at a beam strength of 15 pA.

Reaction of fibrolase with DTNB

The amount of free sulfhydryl groups in native fibrolase
was quantitated with DTNB according to the procedure
of Ellman (1959).
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Reduction and alkylation

Fibrolase (0.5 mg in 100 uL of 0.2 M N-ethylmorpholine
acetate [pH 8.7] containing 6 M guanidine-HCl and 3 mM
EDTA [reduction buffer]) was reduced with 1 uL of 2-
mercaptoethanol at 50 °C under argon for 1 h. Follow-
ing reduction, 10 uL of 4-vinyl pyridine (Friedman et al.,
1970) were added under argon and allowed to react for
2 h at room temperature. PE-fibrolase was dialyzed
against 5% acetic acid and stored at —20 °C until use.

CNBr cleavage

PE-fibrolase was dissolved in 70% formic acid (v/v) (4.5
mg protein/mL), and crystalline CNBr was added (1:1 ra-
tio to protein by weight). The reaction was allowed to
proceed under argon in the dark at room temperature.
An additional aliquot of CNBr was added to the reaction
mixture after 24 h. After 36 h, the reaction mixture was
dried in a Speed Vac (Savant Instruments Inc., Farming-
dale, New York). The resulting peptides were dissolved
in 280 puL of 50% acetic acid and loaded on a Bio-Gel
P-10 (200-400 mesh) column as described below (see Pep-
tide separations). One CNBr peptide (CB1-8) was sub-
digested with trypsin. The peptide was dissolved (1.5
pg/100 pL final concentration) in 0.1 M ammonium bi-
carbonate containing 2% (w/w) trypsin-TPCK, and di-
gestion was allowed to proceed at room temperature
overnight.

Trypsin digestion

Fibrolase was citraconylated prior to digestion with tryp-
sin in order to restrict cleavages to arginine residues. PE-
fibrolase was dissolved in reduction buffer (~5 mg/mL),
and citraconic anhydride was added (5 x 5-uL portions
per 1 mg of fibrolase) while the pH of the solution was
maintained between 8 and 9 with 1 N NaOH. After the
pH was stabilized at 8.5, the mixture was dialyzed against
50 mM N-ethylmorpholine acetate (pH 8.5) and dried in
a Speed Vac. The citraconylated protein was dissolved in
0.5 mL of 0.2 M Tris-HCI (pH 8.4) containing 2 M urea
and 0.1 mM CaCl, and 2% (w/w) trypsin-TPCK was
added. The reaction was allowed to proceed overnight at
room temperature. The digest was titrated to pH 2 with
TFA and left at room temperature overnight to decitra-
conylate. The resulting peptide mixture was cloudy and
was clarified by increasing the urea concentration to 5 M
prior to separating the peptides using HPLC or dried in
a Speed Vac and dissolved in a minimum volume of 50%
acetic acid for loading on a Bio-Gel P-10 column.

Endoproteinase lys-C digestion

PE-fibrolase was dissolved in 0.3 M Tris-HCI (pH 8.6)
containing 0.1 mM CacCl, and 5.0 M urea (2.3 mg fibro-
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lase/3 mL) and 4% (w/w) endoproteinase lys-C was
added. Following digestion at room temperature for 24 h,
the sample was dialyzed against 50% acetic acid in Spec-
tra/Por 3 (Spectrum Medical Industries, Inc., Los Ange-
les, California) dialysis tubing that had been boiled for
5minin 0.1 M EDTA (pH 8.0) to reduce the pore size so
that peptides of seven residues or more are retained
(Fowler, 1978). The digest was dried in a Speed Vac and
redissolved in a small volume of 50% acetic acid prior to
the initial peptide separation using Bio-Gel P-30.

Endoproteinase glu-C digestion

PE-fibrolase was citraconylated as described above un-
der Trypsin digestion to increase its solubility, dialyzed
into 50 mM N-ethylmorpholine acetate (pH 8.0), and
partially dried to a concentration of 8 mg fibrolase/mL..
Endoproteinase glu-C was added (2% w/w) and the mix-
ture was incubated at 37 °C. After 24 h, a second aliquot
(2%) of enzyme was added, and after 40 h, the reaction
was stopped and the protein decitraconylated by titration
to pH 2 with TFA and incubation at room temperature
for at least 3 h.

Cleavage at tryptophan residues with IBA

Fibrolase was cleaved at tryptophan residues as described
by Fontana et al. (1983). PE-fibrolase was dissolved in
80% acetic acid, 4 M guanidine-HCI (0.6 mg/120 uL),
and IBA (1.2 mg) and 1 gL p-cresol were added. After
reaction for 24 h in the dark, the sample was diluted to
0.02 M guanidine-HCIl and precipitated by the addition
of 1/9 volume of 100% trichloroacetic acid containing
4 mg/mL sodium deoxycholate. The resulting pellet was
washed with cold acetone to remove the sodium deoxy-
cholate, trichloroacetic acid, and any remaining IBA.

Acid cleavage in TFA

PE-fibrolase was dissolved in 0.1% TFA (0.35 mg fibro-
lase/mL) and heated at 100 °C for 1 h. One peptide re-
sulting from this cleavage (Asp34) was subdigested with
endoproteinase glu-C. First, the peptide was dissolved in
reduction buffer that had been titrated to pH 7.0, and
succinic anhydride (>100-fold molar excess over lysine
residues) was added while the pH of the solution was
maintained between 7 and 8 with 1 N NaOH. After the
pH was stabilized at 7, the mixture was dialyzed against
0.1 M ammonium bicarbonate and dried in a Speed Vac.
The succinylated peptide was dissolved in 0.1 M ammo-
nium acetate (pH 4.0), and 4% (w/w) endoproteinase
glu-C was added. Following reaction for 4 h at 37 °C, the
digest was subjected to Edman degradation.
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Cleavage of native fibrolase with thermolysin

Native fibrolase (2.5 mg with disulfide bonds intact) was
dissolved in 250 uL. of 0.1 M pyridine acetate (pH 6.5)
containing 8 M urea and 2 mM CacCl, and digested with
10% (w/w) thermolysin at 60 °C for 48 h. The digest was
then dialyzed against water in tubing that retains peptides
of seven or more residues (see Endoproteinase lys-C di-
gestion).

Peptide nomenclature

Peptides resulting from cleavages of fibrolase with CNBr
(CB), trypsin following citraconylation (Tc), endopro-
teinase lys-C (Lys), endoproteinase glu-C (Glu), TFA
(Asp), and thermolysin (Th) are designated by the respec-
tive letters in parentheses followed by arabic numeral(s)
indicating the peak elution order in the respective chro-
matograms. When a peptide pool was rechromatographed,
a number indicating peak location in the second chro-
matogram is added to the designation after a hyphen (-).
Because the total tryptic digest of citraconylated fi-
brolase was chromatographed on both HPLC and Bio-
Gel P-10, the Bio-Gel pools have a P-10 added to their
designation before the numeral to distinguish them from
HPLC-derived pools. When a precipitate was formed fol-
lowing dissolution of a peptide pool, “ppt.” is added
following the designation of the insoluble fraction. Pep-
tides resulting from the subdigestion of a fragment with
trypsin (T) or endoproteinase glu-C (Glu) have the cor-
responding letter(s), followed by their order in the par-
ent fragment, added to the peptide designation. Peptides
resulting from cleavage of fibrolase with IBA are desig-
nated IBA, followed by the apparent molecular weight of
the fragment on SDS-PAGE.

Peptide separations

The CNBr digest of PE-fibrolase (4.5 mg in 280 uL 50%
acetic acid) was initially separated by gel filtration chro-
matography. The digest was loaded on a 0.7 X 46.5-cm
column of Bio-Gel P-10 (200-400 mesh) in 50% acetic
acid and eluted at a flow rate of 2.6 mL/h. Effluent frac-
tions were monitored by reaction with fluorescamine
(Bohlen et al., 1975), and the four pools obtained were
dried in a Speed Vac. The first P-10 pool, CBI1, was re-
dissolved in 50% acetic acid and rechromatographed by
reverse-phase HPLC using a C4 column (250 X 4.6 mm).
The peptides were eluted with an increasing gradient of
60% n-propanol containing 0.1% TFA at a flow rate
of 0.4 mL/min. The effluent was monitored at 230 nm,
and the resulting peaks were collected for composition
and sequence analysis. Similarly, CB2 was dissolved in
0.1% TFA and rechromatographed on a C4 column. The
tryptic subdigest of CB1-8 was fractionated using a C1i8
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column (250 x 4.6 mm) eluted with an increasing gradi-
ent of 80% acetonitrile containing 0.1% TFA at a flow
rate of 0.8 mL/min, and the resulting peaks were col-
lected for analysis.

Peptides resulting from the tryptic digest of citracon-
ylated PE-fibrolase were fractionated both by reverse-
phase HPLC using a C18 column as described above and
by gel filtration chromatography on Bio-Gel P-10 as fol-
lows. The digest (2.4 mg in 400 uL of 50% acetic acid)
was loaded on a 0.7 x 46-cm P-10 (200-400 mesh) column
and eluted with 50% acetic acid at a flow rate of 2 mL/h.
Effluent fractions were monitored by reaction with flu-
orescamine, and the pools were dried in a Speed Vac. The
first pool (TcP10-1) was dissolved in 1.0 ml of 0.1% TFA
and centrifuged in a microfuge for 15 min. The resulting
pellet (TcP10-1 ppt.) was dissolved in 50% acetic acid and
subjected to Edman degradation.

The endoproteinase lys-C digest of PE-fibrolase (2.3
mg in 300 uL of 50% acetic acid) was loaded on a 0.7 X
43-cm column of Bio-Gel P-30 (200-400 mesh). The col-
umn was eluted with 50% acetic acid at a flow rate of 2
mL/h, and fractions were monitored by reaction with
fluorescamine. The five pools were dried in a Speed Vac
and redissolved in 0.1% TFA. Pool 1 yielded a pellet fol-
lowing centrifugation (Lysl ppt.) that was dissolved in
50% acetic acid and subjected to Edman degradation.
Pool 2 was rechromatographed using a C18 column as
described above.

Peptides resulting from the digestion of PE-fibrolase
with endoproteinase glu-C, from acid cleavage of PE-
fibrolase, and from digestion of native fibrolase with
thermolysin were separated by reverse-phase HPLC using
a C18 column as described above. The peaks obtained
were collected for composition and sequence analysis.

Peptides resulting from the digestion of PE-fibrolase
with IBA were separated using preparative SDS-PAGE as
described by Hunkapiller et al. (1983). The fragments
were resolved on a 15% polyacrylamide gel, and the
bands were stained, excised, and electro-eluted as de-
scribed (Hunkapiller et al., 1983). The electro-eluted sam-
ples were dried in a Speed Vac; SDS and most of the
Coomassie blue were removed by ion pair extraction
using solvent A as described by Konigsberg and Hender-
son (1983). The pellets were dissolved in a small volume
of 0.1% SDS (less than 100 ug SDS) and subjected to Ed-
man degradation.

Secondary structure prediction and homology
with known sequences

The method of Chou and Fasman (1978) was used for the
prediction of the secondary structure of fibrolase. The
Pearson and Lipman (1980) algorithm for homology as-
sessment was used to compare sequences of fibrolase with
several other venom metalloproteinases and with proteins
in the NBRF protein database. A score of 1,200 is awarded
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by the method for full identity. The hydrophilicity scale
of Hopp and Woods (1981) was used to develop a hydro-
phobicity plot averaged over 6 residues. The software
package known as MacProMass (Lee & Vemuri, 1989)
was used to generate the figure with a Macintosh com-
puter and printer.
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